We analyze the energy consumption of domestic hot water (DHW) in the hotels of the archipelago of the Canary Islands (Spain). Currently, systems use fossil fuels of propane and gas oil. However, this paper analyzes several alternative systems which focus on renewable and mixed energies, such as biomass, solar thermal and heat pumps systems associated with an electric generation with photovoltaic solar panels for self-consumption. The carbon footprint generated is calculated for each method of generation of DHW. In our analysis, we demonstrate that by using a high-temperature heat pump with an average coefficient of performance (COP) equal to or greater than 4.4 associated with photovoltaic solar panels, a zero-emission domestic hot water system can be achieved, when the installation area of the photovoltaic solar panels is equal to that of the solar thermal system. The importance of DHW's carbon footprint is proven, as is the efficiency of using high-temperature heat pumps associated with photovoltaic solar panels. As such, such mixed system suggests that the generation of DHW would have zero emissions with maximum annual savings according to hotel occupancy, between 112,417 and 137,644 tons of carbon dioxide (CO 2 ), compared to current boilers based on fossil fuels.
Introduction
One of the major factors of climate change is the emissions of CO 2 , which mainly originate in natural organic and inorganic processes and by human energy generation [1] . As a result, many countries have introduced measures for energy production and consumption in economic activities. In addition to these energy efficiency measures, of the use of renewable energy systems (EERR) has emerged to achieve zero energy buildings (ZEB) [2] or near zero buildings (nZEB) [3] . It has been demonstrated in several successful projects in buildings around the world, such as the Zero Carbon Building in Hong Kong [4] , the Hotel Mongkok Hong Kong [5] , the Stadthalle of Vienna [6] , or in the hotels of the European Union (EU) Nearly Zero-Energy Hotels (neZEH) project [7] , which has achieved an average decrease of 63% in energy consumption and an increase in the use of EERRs up to 46% [8] .
The 40% of total energy consumed and 36% of greenhouse gas emissions in EU correspond to buildings [9] , estimating that 79% of energy is used for heating of water and air conditioning. the archipelago's surface is declared a Biosphere Reserve. Thus, results obtained can be applied to other zones of similar geographic and environmental characteristics. This paper is organized as follows. Section 2 describes the methodology followed in our study. In Section 3 we calculate the required DHW, and its effect on the carbon footprint and the discussion of the results is provided in Section 4. Conclusions are given in Section 5.
Methodology
As a research area, we have chosen the archipelago of the Canary Islands. It is located in the Mid Atlantic Ocean near the coast of southern Morocco and the Sahara, northern Africa. It has an arid climate, where certain areas have a desert climate or belong to a dry subtropical environment [41] , according to the collected data of the open establishments during the year 2017 [20] . Table 1 summarizes the types of existing hotels by category and the current establishment of each class. These average conventional establishments are based on the calculations of energy and water needs; the different fuels and models were converted to the same unit of measurement. It allows for comparison between the generating models, the water in cubic meters (m 3 ) and the energy at kWh, transforming the values of the different fuels, according to the primary energy conversion factors for each of them [42, 43] . We have studied the DHW needs of the hotel establishments and the CO 2 emissions associated with the production of the DHW. Specifically, we followed the workflow shown in Figure 1 , which is summarized as follows:
1.
Data collection of hotel establishments in the Canary Islands open during the year 2017.
2.
Calculation of the standard hotel according to the category of the establishment: places and rooms by category.
3.
For each standard hotel of each type, calculation of annual DHW needs per month and the total for all the hotels in the archipelago. 4 .
With the DHW needs data, the energy required for water heating by category of each standard hotel and the total number of hotels in the Canary Islands.
5.
Calculation of the heating system regarding the thermal solar collectors by the F-Chart method [44, 45] to cover a minimum of 70% of the annual thermal needs and the lack of support energy, from the current systems based in fossil energies. 6.
The same surface of the solar thermal system is used to install photovoltaic solar panels and the equivalent electrical generation for self-consumption. This energy is used to feed heat pumps, calculating the energy needs for this system. 7.
Having in mind the hypothesis that the current technologies are based on fossil fuels of LPG propane and diesel, we calculate the energy needs for this type of boiler and also for biomass boilers with pellet fuel. 8.
Carbon footprint comparison in different technologies by category, for all the hotels in the Canary Islands. 9.
Conclusions and future needs to achieve sustainable and efficient buildings in terms of the DHW systems in the Canary Islands. 
Results: Calculations of DHW's Needs
The DHW needs calculations is estimated for DHW consumption in the establishment. The tabulated data are used according to the type, category and occupation of establishment [46] , which appear in the different regulations and technical guides. We use the standard values of the Spanish Association for Standardization (UNE) 94002:2005 [47] standard, which are closer to the reality of the current buildings that are marked by the latest standards of the technical building code (CTE) in force in Spain [48, 49] for new buildings. In Table 2 we compare the consumption data for the calculation. It is observed a gradual decrease, with significant differences of more than 30% in some cases for new buildings. However, the current ones are calculated with the values of the previous regulations, which have higher consumption values. 
The DHW needs calculations is estimated for DHW consumption in the establishment. The tabulated data are used according to the type, category and occupation of establishment [46] , which appear in the different regulations and technical guides. We use the standard values of the Spanish Association for Standardization (UNE) 94002:2005 [47] standard, which are closer to the reality of the current buildings that are marked by the latest standards of the technical building code (CTE) in force in Spain [48, 49] for new buildings. In Table 2 we compare the consumption data for the calculation. It is observed a gradual decrease, with significant differences of more than 30% in some cases for new buildings. However, the current ones are calculated with the values of the previous regulations, which have higher consumption values.
The accumulation temperature must be at least 60 • C, due to Legionella regulations [50] . Moreover, we use the Canarias network temperature data from the UNE 94003:2007 standard for Las Palmas de Gran Canaria, the calculations consider the energy losses in the DHW recirculation and return systems, which have been estimated at 10%. Also, other losses of 5% have been taken into account. In this way, we obtain the needs for DHW by month and category, for the group of hotels on the islands. According to the UNE 94002:2005 standard, the following Equation (1) is used to calculate the needs for DHW: 
where "Q ref " refers to the DHW consumption of the hotel type at the reference temperature, "ρ" the water density, "Cp" the specific heat at constant water pressure, "T ref " temperature of the DHW for use, "T W " water temperature of the network, "L R " lost in the hotel network and "L O " other losses.
The calculus of E DHW provides the necessary energy per hotel category and for all of the hotels. Figure 2 shows the increase in energy needs with the increase in the category of hotels and the sum of the energy needs of all hotels in Canary Islands by category, verifying the importance of the consumption of four-star hotels, which represent 61% of the total the energy needs. The sum of the three main categories of hotels is also made, which represents 96% of the total energy consumed. Regarding the obtained results, we can conclude that these three top categories require more effort to reduce the energy consumption of the DHW in the Canarias hotel sector. The accumulation temperature must be at least 60 °C, due to Legionella regulations [50] . Moreover, we use the Canarias network temperature data from the UNE 94003:2007 standard for Las Palmas de Gran Canaria, the calculations consider the energy losses in the DHW recirculation and return systems, which have been estimated at 10%. Also, other losses of 5% have been taken into account. In this way, we obtain the needs for DHW by month and category, for the group of hotels on the islands. According to the UNE 94002:2005 standard, the following Equation (1) is used to calculate the needs for DHW:
where "Qref" refers to the DHW consumption of the hotel type at the reference temperature, "ρ" the water density, "Cp" the specific heat at constant water pressure, "Tref" temperature of the DHW for use, "TW" water temperature of the network, "LR" lost in the hotel network and "LO" other losses. The calculus of EDHW provides the necessary energy per hotel category and for all of the hotels. Figure 2 shows the increase in energy needs with the increase in the category of hotels and the sum of the energy needs of all hotels in Canary Islands by category, verifying the importance of the consumption of four-star hotels, which represent 61% of the total the energy needs. The sum of the three main categories of hotels is also made, which represents 96% of the total energy consumed. Regarding the obtained results, we can conclude that these three top categories require more effort to reduce the energy consumption of the DHW in the Canarias hotel sector. Assuming the calculated data of total energy needs and for each category of hotel, we examine the following heating systems: LPG propane boilers, diesel boilers, biomass boilers with pellets, solar thermal boilers with a support system for boilers LPG propane or diesel current and mixed systems Assuming the calculated data of total energy needs and for each category of hotel, we examine the following heating systems: LPG propane boilers, diesel boilers, biomass boilers with pellets, solar thermal boilers with a support system for boilers LPG propane or diesel current and mixed Sustainability 2019, 11, 599 6 of 17 systems of photovoltaic solar generation and heat pumps. Table 3 shows the main characteristics of the photovoltaic and thermal solar panels chosen for the study. 
Thermal Panels Calculations
The CTE [48] and the Regulation of thermal installations in buildings (RITE) [51] establish that the minimum coverage by EERR for the DHW in the Canary Islands must be 70%. Therefore, we use it as the minimum value for calculating the thermal solar panels to be installed in the different hotels. The irradiation data that we will use for the calculations are provided by the UNE 94003:2007 standard. The angle of inclination of the panels is a crucial factor. It has significant repercussions for useful radiation, mainly on the surface occupied by the modules. The reason is the minimum separation between rows or obstacles, the value of which is given by the following Equation (2):
where, "D" denotes the distance between panels or obstacle, "L" the height of the obstacle or panel, "α" the inclination of the solar panel and "Lat" the latitude of the installation. We use the F-Chart method [44, 45] to estimate the solar coverage. This method is typically used for the annual thermal performance of heating systems for DHW, in many installations with acceptable forecast results [52] . This method estimates the fraction of thermal energy that will be supplied by solar energy. The primary design variable is the collector area, whereas the secondary variables are: the collector type, the amount of DHW storage and the size of the collector heat exchanger. This method is based on a correlation of the results of many hundreds of thermal performance simulations of solar heating systems. The following Equations (3)- (5) are obtained by using the F-Chart method:
where, "Ac" is the area of solar collector, "F'r" the collector-heat exchanger efficiency factor, "Fr" the collector heat removal factor, "UL" the collector overall energy loss coefficient, "∆t" the total number of seconds or hours in the month, "Ta" the monthly average ambient temperature, "L" the monthly total heating load, "HT" the monthly averaged daily radiation incident on collector surface per unit area, "N" the number of days in the month, "τα" the monthly average transmittance-absorptance product, "(τα)" the normal transmittance-absorptance product and "Tref" the reference temperature. In order to optimize the space and maximize the irradiation with the minimum collector surface, the angle of inclination of the panels is set at 15 • . Experimental results for the different inclination values, necessary installation surface and irradiation difference are given in Figure 3 obtained for and the annual useful irradiation only increases by 0.8%. In addition, this chosen angle helps the evacuation of water and dust, mainly due to the dust of the Sahara or Calima [53, 54] , which reaches the Canary Islands. Next, we work out the average values for thermal solar installations. Mainly, we calculate the number of collectors, the surface of the floor used, DHW accumulation needs, the annual solar factor, the thermal energy generated and the missing energy, as it is shown in Table 4 . These values are supposed to be covered by another auxiliary heating system, which in this study will be covered by the existing LPG propane or diesel boilers. Then, we can obtain the needs for all hotels in the Canary Islands. The annual average values of coverage of 70.3% of annual thermal needs are obtained through thermal solar panels. Figure 4 shows the energy values generated by the thermal solar panels, missing energy that must be covered by the current boilers and the solar fraction obtained monthly, for all the hotels in the Canary Islands. As previously mentioned, the missing energy is supplied by the current LPG propane or diesel boilers. Next, we work out the average values for thermal solar installations. Mainly, we calculate the number of collectors, the surface of the floor used, DHW accumulation needs, the annual solar factor, the thermal energy generated and the missing energy, as it is shown in Table 4 . These values are supposed to be covered by another auxiliary heating system, which in this study will be covered by the existing LPG propane or diesel boilers. Then, we can obtain the needs for all hotels in the Canary Islands. The annual average values of coverage of 70.3% of annual thermal needs are obtained through thermal solar panels. Figure 4 shows the energy values generated by the thermal solar panels, missing energy that must be covered by the current boilers and the solar fraction obtained monthly, for all the hotels in the Canary Islands. As previously mentioned, the missing energy is supplied by the current LPG propane or diesel boilers. 
Calculations Photovoltaic Panels + Heat Pumps
Once the available area for solar thermal panes is known, we calculate the photovoltaic solar panels to match the installation surface of solar thermal systems. We aim to occupy the same space in hotel buildings.
On the one hand, the UNE 94003:2007 standard provides the irradiation values of the available area. As such, we deduce the monthly electricity generation of the facilities. Prior studies have used such standards to adjust forecasts to the real generation values [55] . Also, the maximum power of the generator and the total losses must be calculated, which are included in a total efficiency index known as "Performance Ratio" (PR). The following Equation (6) is used to calculate the generation of each installation per month:
where "G(β,μ)" denotes the mean irradiance according to declination and a given azimuth, "PR" the global loss index that encompasses all losses of the system, and "Ppp" the maximum power of photovoltaic generators. PR is obtained by considering all the losses of the generating system, which is given by the Equation (7):
where, "LT" denotes the losses by temperature, calculated by the method of Osterwald [56] . "LD" refers to the losses by dispersion of parameters (2%), "LR" the losses by angular and spectral reflectance (3%), "LP" the losses due to dust on the modules (3%) and in the Canary Islands due to the episodes of Calima. The latter parameter is essential since it may arise higher values whether the modules are not cleaned regularly, Also, "LE" denotes the efficiency in electrical wiring (97%), "LIN" the efficiency due to the efficiency of the inverter (94%). In our case, we use the European efficiency 
where "G(β,µ)" denotes the mean irradiance according to declination and a given azimuth, "PR" the global loss index that encompasses all losses of the system, and "P pp " the maximum power of photovoltaic generators. PR is obtained by considering all the losses of the generating system, which is given by the Equation (7):
where, "L T " denotes the losses by temperature, calculated by the method of Osterwald [56] . "L D " refers to the losses by dispersion of parameters (2%), "L R " the losses by angular and spectral reflectance (3%), "L P " the losses due to dust on the modules (3%) and in the Canary Islands due to the episodes of Calima. The latter parameter is essential since it may arise higher values whether the modules are not cleaned regularly, Also, "L E " denotes the efficiency in electrical wiring (97%), "L IN " the efficiency due to the efficiency of the inverter (94%). In our case, we use the European efficiency value [57] of the inverter given by the manufacturer. Finally, "L V " is another efficiency parameter, that was not previously considered (97%). The same angle of inclination (15 • ) previously set in the thermal solar panels as the occupied surface by category, is used in photovoltaic modules. This is so that the number of photovoltaic solar panels and the maximum installed power are calculated. Table 5 shows the values obtained for electricity generation for standard hotels by category, monthly and annual total. Then, we calculate the water heating system for DHW based on heat pump by using monthly and annual generation data. For this purpose, different heat pump efficiencies with COP values are used. We start with a minimum value of 2 for older equipment up to a maximum of 8 for more modern equipment. Modern equipment has optimum operating conditions and high-efficiency dissipation systems by aerothermal, geothermal or hydrothermal. Figure 5 shows the results for the total energy requirements for hotels in the Canary Islands. It is observed that systems with a COP equal to 4.4 produce zero emissions and equipment with a higher COP consume less energy than that generated by photovoltaic systems. The energy left over could be used for self-consumption producing a general decrease in emissions from hotel establishments. It is also verified that the characteristic function that describes the curve of necessary or excess energy of the heat pumps concerning the efficiency of the machines corresponds to a logarithmic function, which has a very high correlation index for all its values. E = −46771 · ln(COP) + 120321 (8) We calculate the consumption of heat pumps for all hotels in the Canary Islands. To this end, we check whether the photovoltaic solar panels help to supply the energy necessary to cover the needs of the DHW, except from October to February, which require an external supply. However, the annual demand for electricity is covered by the total amount of energy generated in the remaining months from March to September. Figure 6 shows the photovoltaic generation obtained and the surplus or lack of electrical energy to cover the needs of heat pumps with an average COP of 4.4, monthly. Sustainability 2019, 11, x FOR PEER REVIEW 10 of 17 Figure 5 . Values of energy generated by the solar panels for DHW heating using heat pumps according to the coefficient of performance (COP) efficiency of the equipment used.
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We calculate the consumption of heat pumps for all hotels in the Canary Islands. To this end, we check whether the photovoltaic solar panels help to supply the energy necessary to cover the needs of the DHW, except from October to February, which require an external supply. However, the annual demand for electricity is covered by the total amount of energy generated in the remaining months from March to September. Figure 6 shows the photovoltaic generation obtained and the surplus or lack of electrical energy to cover the needs of heat pumps with an average COP of 4.4, monthly. Electric energy generated Electric energy needed heat pump Electric power left over Figure 6 . Photovoltaic generation and energy need of heat pumps, as well as the surplus or lack of monthly energy for all hotels in the Canary Islands.
Fossil Combustible Calculations and Biomass
Systems based on fossil fuels such as LPG, propane or diesel and biomass are used to calculate energy needs. Correctly, we use the average efficiency for all boiler operating regimes, with an estimated value of 88%. To quantify fuel requirements, the conversion coefficients of the different fuels converted to kWh are used. We show these values in Table 6 , according to the Institute for Energy Diversification and Saving (IDAE) [42] . In Table 7 we show the number of necessary fuels per month as well as the total year values to heat the DHW for all hotels in the Canary Islands. They are obtained once the energy needs, the efficiency of the boilers and calorific value of the fuels, are obtained. 
Discussion. The DHW Carbon Footprint
The energy needs of the different heating models and the previously calculated fuel needed are used to analyze the emissions associated with the different systems studied. We calculate the carbon footprint of the different heating systems, as the European Commission regulations suggest using multiple models and existing standards [58] . In our study, we have used the Greenhouse Gases Protocol (GHG) [59] , widely used by organizations around the world. Scopes 1 and 2 of fuels and electricity were calculated for heating the DHW. We quantify the emission factors and the CO 2 emission values, which are approved and updated for Spain were used [42] . They are given in Table 8 , the emission factors of electricity changes yearly or even monthly. In this way, we estimate emissions with the average emission data from the last year 2017 [60] and if all hotels have own transformer, with a medium voltage supply that generates losses of 6% in medium voltage lines. Taking into account these emission factors, and the energy needs according to the fuels, the emissions of each of the water heating systems are calculated. The calculation is based on the category of hotel and for all the hotels in the Canary Islands. Table 9 summarizes the energy needs by category, the associated emissions by hotel and for the total number of hotels, showing the total value of energy needs and emissions for all the hotels in the Canary Islands. It can be seen how the mixed system of heat pumps with a minimum COP of 4.4 and photovoltaic solar panels cover all the energy needs of the DHW system, suggesting a zero emissions system. In addition, the case study generates excess energy, which could be used in the self-consumption of hotel facilities. Category 2-and 3-star hotels are the only shortfalls in total annual energy, which is why it is necessary to carry out support with external energy supply. The proposed mixed system stops emissions, with maximum annual savings according to hotel occupancy, between 112,417 to 137,644 tons of CO 2 , which are emitted by current heating systems based on fossil fuels. Figure 7 compares the total emissions of all hotels in the Canary Islands. It can be seen that the system based on the mixed model of photovoltaic solar energy and heat pumps produces zero emissions with the same surface area of collectors as solar thermal systems. Systems based on biomass boilers are the following with the lowest emissions. However, one difficulty of the study area is the carbon footprint generated by the transport of pellets to the Canary Islands, which is very high because of transportation issues [61] . Taking into account these emission factors, and the energy needs according to the fuels, the emissions of each of the water heating systems are calculated. The calculation is based on the category of hotel and for all the hotels in the Canary Islands. Table 9 summarizes the energy needs by category, the associated emissions by hotel and for the total number of hotels, showing the total value of energy needs and emissions for all the hotels in the Canary Islands. It can be seen how the mixed system of heat pumps with a minimum COP of 4.4 and photovoltaic solar panels cover all the energy needs of the DHW system, suggesting a zero emissions system. In addition, the case study generates excess energy, which could be used in the self-consumption of hotel facilities. Category 2-and 3-star hotels are the only shortfalls in total annual energy, which is why it is necessary to carry out support with external energy supply. The proposed mixed system stops emissions, with maximum annual savings according to hotel occupancy, between 112,417 to 137,644 tons of CO2, which are emitted by current heating systems based on fossil fuels. Figure 7 compares the total emissions of all hotels in the Canary Islands. It can be seen that the system based on the mixed model of photovoltaic solar energy and heat pumps produces zero emissions with the same surface area of collectors as solar thermal systems. Systems based on biomass boilers are the following with the lowest emissions. However, one difficulty of the study area is the carbon footprint generated by the transport of pellets to the Canary Islands, which is very high because of transportation issues [61] . 
Conclusions
In this paper, we have assessed more efficient and less polluting systems in energy consumption in hotels. Specifically, we have focused on DHW, since it is one of the primary energy consumers. We have studied different possibilities of generation of DHW using systems based on renewable energy and compared them with current energy generation systems based on fossil fuels. Our analysis of 
In this paper, we have assessed more efficient and less polluting systems in energy consumption in hotels. Specifically, we have focused on DHW, since it is one of the primary energy consumers. We have studied different possibilities of generation of DHW using systems based on renewable energy and compared them with current energy generation systems based on fossil fuels. Our analysis of solar thermal and photovoltaic systems, sharing the same collector surfaces, suggested that the most profitability energy generation is the combination of photovoltaic generation and heat pumps. Such a combination led to better results regarding efficient and harmful emissions. Also, improvements in the energy autonomy of the buildings for heating the DHW were observed, reducing its external energy dependence and the carbon footprint associated with tourism.
The models based on solar thermal energy have proven the problem associated with the need for a second source of energy to cover the total demand of the system, which increases the need for investment and external energy dependence.
As such, our study also suggests that benefits are obtained when self-generation through photovoltaic solar panels. Such solar panels are associated with heat pumps with higher COP efficiency values. As such, our study also suggests that benefits are obtained when self-generation through photovoltaic solar panels, and we demonstrate that using high-temperature heat pump with an average COP equal to or greater than 4.4 associated with photovoltaic solar panels, a zero-emission DHW can be achieved, when the installation area of the photovoltaic solar panels was equal to that for solar thermal system. When solar panels are associated with heat pumps with higher COP efficiency values, it entails higher savings and very fast amortizations of the systems, improving, therefore, the efficiency of equipment and the effectiveness of current photovoltaic solar panels, this being the main direction for achieving the energy independence of these buildings.
Finally, the Canary Islands is a sensitive and vulnerable tourist destination, with great external energy dependence and great ecological value. Toward a more efficient technological use of this technology and reduction in the pollution, we plan to develop the experimental improvements of this study in existing buildings in our future works. As has been demonstrated in the studied context, the use of EERR is an excellent way to achieve the goal of converting current buildings into ZEB or nZEB, based on improvements in current DHW heating systems.
